Ailanthus is an important genus of the Simaroubaceae family that is widely distributed in Asia and north Australia, and which is used in folk medicines. The plants of this genus have numerous therapeutic applications and have, therefore, been the subject of extensive chemical examination. The genus is a rich source of quassinoids, and more than 60 have been identified so far from this genus. Those reported to date have been compiled in this review, together with bioactivity data in an effort to show the rapid development in the phytochemistry and therapeutic applications of the Ailanthus species.
II (C 19 ) III (C 19 ) The type (II) -skeleton differs from the type (I) by contraction of the A and B rings. The type (IV)-skeleton differs from the type (III) by loss of one carbon atom in ring A, probably due to a benzilic acid rearrangement, resulting in ring contraction. Skeletal system (VI) differs from type (V) by the mode of formation of the γ-lactone. In type (V), this function is formed by linkage of C-23 to C-21, whereas in type (VI), the γ-lactone is formed by linkage of C-23 to C-17. Most of the quassinoids are fundamentally C 20 compounds and have, like quassin, the basic skeleton. This is also named as picrasane. The principal variations in ring A of C 20 quassinoids are provided in figure 4.
In ring C, at position 8, there is either a methyl group or a primary alcohol. The latter generally is involved in either a hemiketal bridge to C-11 or an oxide bridge to C-13. The δ-lactone ring may have hydroxyl groups and, in particular, a β-oriented hydroxyl group at C-15, which is often found esterified with various small fatty acids. Ring B may possess an oxygenated group at position 6. Approximately fifty C 20 -quassinoids have been isolated from various parts of Ailanthus species. Most of them have a normal picrasane skeleton. Some quassinoids have a modified skeleton, for example ailantinol A (6), shinjudilactone (40) , shinjulactone F (48) , and vilmorinine (49) . Only a few C 19 -quassinoids have been isolated from the genus Ailanthus. These may be derived biogenetically from a C 20 -quassinoid. For example, shinjulactone B (57) is derived from ailanthone (10) via a 1,2-dioxo derivative (70) . Under oxidative conditions, (70) might undergo successively a C(1)-C(2) bond cleavage, decarboxylation, a contraction of the B ring and formation of the α,β-unsaturated γ-lactone to give 57. Simarolide (58) is the only C 25 -quassinoid so far known from the genus Ailanthus. No C 18 -quassinoid has been isolated yet from this genus. 
Quassinoids isolated from Ailanthus species
A. altissima: This species is commonly called "Chinese tree of heaven". The Japanese name is Shinju or Niwaurushi. It was first examined in 1963 [7] and ailanthone (10) was isolated, which is the chief bitter constituent of the seeds [8] [9] and bark [10] . Chaparrinone (2) is a minor quassinoid found in the seeds [8] and differs from ailanthone (10) in the nature of the group at C-13. The latter has an exomethylene function at C-13.
Most of the mass spectral studies dealing with quassinoids have been made on ailanthone (10) and its numerous derivatives, particularly the 1-O and 11-O-alkyl derivatives [11] . The principal fragments in the mass spectrum of ailanthone (10) + , respectively. While ions of type 'C' are independent of the A-ring structure, the oxidation level (or the substitution pattern) in ring A seems to play a major role in the formation of ions 'A' and 'B'. Chaparrin (21), a minor constituent of the stem-bark, was studied by Fourrey in 1968 [8] . Chaparrin is 15-desoxyglaucarubol and, therefore, its chemistry is analogous, in many respects, to that of glaucarubol (19) . Like glaucarubol, chaparrin readily undergoes acid-catalyzed dehydration, a reaction which leads first to anhydrochaparrin-A and anhydrochaparrin-B, which have the A-ring structures (i) and (ii), respectively and then to the partially aromatized chaparrol (61) . In 1966, Moron et al. isolated samaderine C (56), glaucarubin (20) and simarolide (58) from the stembark [6] . Samaderine C (56), the first C 19 -quassinoid isolated from this plant, has a γ-lactone moiety.
Glaucarubin (20) is the C 20 -quassinoid esterified at C-15 with α-hydroxy-α-methyl butyric acid. Simarolide (58) is the only pentacyclic quassinoid possessing the C 25 skeleton so far known from the genus Ailanthus. Simarolide lacks an oxygen function at position 12, but possesses one at C-17. This fact substantiates the hypothesis that cleavage of the C(13)-C(17) bond to give the much more common C 20 -quassinoids is triggered by a C-12 oxygen function [13] . The constitution and absolute configuration of simarolide (58) was determined by X-ray analysis of its m-iodobenzoate and p-iodo-mnitrobenzoate [14] .
Amarolide (23) and its acetyl derivative (24) have been isolated from the bark [15] and the seeds [8, 16, 17] . Both compounds have a methyl group at C-8. The structures were established by spectroscopic methods and by their conversion to quassin (25) . Amarolide (23) has been oxidized by means of Bi 2 O 3 to the bis-diosphenol (63) , which on methylation with diazomethane, yields quassin (25) ; the last step can be reversed with borontribromide [15] . A total synthesis of (+)-quassin from naturally occurring (S)-(+)-carvone was described by Shing et.al. in 2000 [78] .
In 1981, shinjudilactone (40) [18] and shinjulactone B (57) [19] , D (37) [20] , and E (39) [21] were isolated from different parts of the plant. The structure of shinjudilactone (40) was established to be 1β,11α-dihydroxy-2,16-dioxo-13(12→11)abeo picras-3-en-12, 17-olide by X-ray diffraction analysis [22] . Heating of ailanthone (10) Shinjulactone B (57) has a norpicrasane skeleton possessing the diosphenol moiety. X-ray diffraction analysis provided the unequivocal structure of 57 as (5R, 10S)-11, 17-dihydroxy-12,16-dioxo-1,2-seco-1-nor-6(5→10)abeo-picrasa-3,9
(11)-dien-2,5-olide. Biogenetically (57) is formed from ailanthone (10) via 1,2-diketone and dicarboxylic acid [24] . The structure of shinjulactone D (37) corresponds to a perhydroailanthone derivative. The structure of shinjulactone E (39) as a monohydroxy derivative of ailanthone was proved from 1 H and 13 C NMR spectroscopic data [20] . Hirokazu et al., in 1983 , isolated shinjulactone A (12) from stem-bark and its structure was determined to be 11β,17-epoxy-1β, 2α,11α,12α-tetrahydroxy picrasa-3,13 (21) shinjulactone C (41) from root-bark [22, 28] . This compound has an inversed configuration at C-9 and the C(1)-C(12) and C(5)-C(13) linkages. By X-ray diffraction analysis, the structure of 41 was determined to be 1α,12α,5α,13α-dicyclo-1β,12β,17-trihydroxy-9βH-picras-3-ene-2,11,16-trione [22] . Ailanthone (10) has been converted to shinjulactone C (41) [29] . The monosilyl derivative of 50 was acetylated to give the monosilyl diacetate (51) , which isomerized to a monosilyl enolacetate (64) on heating in pyridine. Desilylation of 64 afforded 65, which was oxidized to the α-diketone 66. The latter was transformed, by refluxing in pyridine, into di-O-acetyl shinjulactone C (67), and then hydrolyzed to shinjulactone C (41). , isolated shinjulactone F (48), I (43) and K (42) from root-bark [30] [31] . Shinjulactone F (48) has a 5βH-picrasane skeleton with all cis-configurations at the A/B, B/D and C/D ring junctions. The structure of 48 was established to be 1α,11-epoxy-1β,17-dihydroxy-5βH-picrasa-3,9(11)-diene 2,12,16-trione by X-ray diffraction analysis [30] . The structures of shinjulactones I (43), J (47) and K (42) were determined by spectral and chemical means [31] .
In 1984, Yoshimura et al. isolated, for the first time, a quassinoid glycoside from the genus Ailanthus [32] . Four bitter quassinoid glycosides, shinjuglycosides A (31), B (32), C (33), and D (34) were isolated from the seeds. Their structures were established to be 2β-D-glucopyranosides of chaparrin, shinjulactone A, amarolide-11-acetate, and amarolide, respectively, from spectral data and either enzymatic or acid-catalyzed hydrolysis.
Shinjulactones G (46) and H (44) were isolated from an aqueous extract of the root-bark [33] .
1 H NMR spectroscopic decoupling experiments suggested that the structure of 46 was 17-hydroxyklaineanone. This was confirmed by chemical conversion into chaparrinone triacetate and determined to be 1β,11β,12α,17-tetrahydroxypicras-3-ene-2,16-dione [34] . The structure of shinjulactone H (44) was established to be 2α, 12β-dihydroxypicrasane-1,11,16-trione from spectral and chemical evidence [33] . Shinjulactones C (41), F (48) and G (46) are the only three C 20 -quassinoids isolated from this plant that have a primary alcohol group at C-8. In 1985, Ishibashi et al. isolated shinjulactone L (45) from root-bark and the structure was determined to be 12β-acetoxy-2α-hydroxy picrasane-1,11,16-trione by spectral and chemical methods [35] . Excelsin (18) and glaucarubin (20) differ only in the ester side chain at position 15 and are the major constituents of the stem-bark. The structure and configuration of glaucarubin has been confirmed by X-ray analysis of the 2-p-bromobenzoate [44] . The (+)-α-hydroxy-α-methylbutyric acid obtained from hydrolysis has been independently assigned the S-configuration [45a]. The name excelsin has already been given to a lignane and a protein [45b and 74] . This has created confusion to natural product chemists and thus we should like to change the name excelsin to excelsinin to avoid further discrepancy. Glaucarubol (19) , obtained from the stem-bark, is the hydrolysis product of glaucarubin (20) . A key reaction in the study of glaucarubol (19) was aromatization under acidic conditions of ring A to glaucanol (62), a reaction characteristic of those members of the group that have a ring-A ene-diol system [46] . Glaucarubinone (15b) has been correlated with glaucarubin by oxidation of the latter with MnO 2 . Glaucarubinone (15b) and 13,18-dehydroexcelsin (14b) react readily with diazomethane to give the corresponding 11-O-methyl and 1-O-methyl derivatives [47] . The latter, which is the major product of the reaction, was shown to be a suitable starting material for the degradations required in the biosynthetic studies [5, 6] . Glaucarubinone (15b), along with chaparrinone (2) and glaucarubolone (17) (55) were also isolated by them from stem bark [12, [49] [50] (18), whereas 59 and 60 are C 20 -quassinoids having an aromatic A-ring. The possibility that 59 and 60 are artifacts cannot be ruled out. Antifungal activity of the stem bark was also examined. The methanol extract of stem barks was partitioned with chloroform. The chloroform extract showed fungistatic and fungicidal activity against Aspergillus niger, A. fumigatus, Penicillium frequentence, P. notatum and Botrytis cinerea [48] . (27) from root-bark [51] . Compound 27 is the first quassinoid esterified at the 6-position. These two quassinoids were responsible for antitumor and cytotoxic activities of the root-bark. The assignment of structure and stereochemistry of 27 was achieved by a combination of spectral comparison and chemical conversions with previously isolated quassinoids [52] . Polonsky et al., in 1980 , isolated 6α-tigloyloxychaparrinone (27) and 6α-tigloyoxychaparrin (30) from stem-bark [53] . The structure of 30 was determined by interpretation of spectral data and oxidation to 6α-tigloyloxychaparrinone (27) . [56, 75] . These are C 11 -C 12 bond-cleaved quassinoids. The structures and conformations were elucidated by spectroscopic methods. The HMBC spectrum of 49 showed correlation between H-7 and C-1, indicating an ether linkage between C-1 and C-7. The NOE enhancement of H-5 and H-19 for 49, which is not observed in the normal picrasane skeleton, was observed, suggesting that the ring junction is cis for A/B. NOE and HMBC correlation, together with other spectral data, suggested that 49 was the 1,7-epoxy and 11,12-derivative of picrasane, which was confirmed by single-crystal X-ray diffraction analysis. 68 Quassin (25) Antifeedant [87] Biological activity: Activity of quassinoids are influenced by (i) the nature of the C-15 side chain, (ii) the nature of A ring modifications, (iii) the presence or absence of a sugar moiety, and (iv) the presence of an epoxymethano bridge [80, [82] [83] [84] [85] 88] . Some of the quassinoids for which biological activity has been reported are listed in Table 4 .
A. integrifolia: In 1978, Sedia et al. isolated chaparrinone (2) and 6α -tigloloxychaparrinone

Structures of the quassinoids
R 1 = β-OH, R 2 =α-H, R 3 = CH 3 , R 4 = β-CH 3, Vilmorinine B 69 R 1 = β-OH, R 2 =α-H, R 3 = H, R 4 = β-CH 3 , Vilmorinine C 70 R 1 = α -OH, R 2 =α-H, R 3 = CH 3 , R 4 = β-CH 3 , Vilmorinine D 71 R 1 = β-OH, R 2 = β-H, R 3 = H, R 4 = β-CH 3 , Vilmorinine E 72 R 1 = β-OH, R 2 = β-H, R 3 = H, R 4 = α -CH 3 , Vilmorinine
Conclusions
In this review an attempt has been made to summarize all the relevant information on Ailanthus quassinoids of the past 35-40 years, including their various types of biological activities. These findings should stimulate the search for novel natural products with biological activity from the genus Ailanthus.
